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Table 3), characteristic of slow exchange, while for group II residues
the field-dependence is quadratic (,a.5 2.0), characteristic of fast
exchange. Quantitative analysis of the group I residues yields a rate
constant of conversion from the major to minor state (k1) for
Ser99Thr CYPA of 1.06 0.3 s21 at 10 uC, in contrast to ,60 s-1 for
wild-type CYPA4. In the slow exchange regime of Ser99Thr, k1 is well-
determined and the major peak represents the true chemical shift of
the major state (Fig. 3b).

Given the slower conformational transitions in Ser99ThrCYPA,what
is the effect of thismutationon catalytic turnover? In aprotease-coupled

enzymatic assay19, the Ser99Thrmutant showed a 300-fold reduction in
the catalytic efficiency of the cis-to-trans isomerization of the peptide
succinyl-AlaAlaProPhe-p-nitroanilide (AAPF) (Fig. 4a). This large
reduction in catalytic efficiency resembles the effects of the Arg55Lys
mutation,which removes the active-site residue thought to promote the
chemical stepof the reactionbutdoesnot perturb the enzymedynamics4

or global structure (Supplementary Fig. 9). To separate the energetic
contributions to the binding and isomerization steps, we measured the
dissociation constants of the peptide substrate for the CYPA variants
using NMR titration experiments. Peptide affinity (KD) was weakened
only 3–6 fold by the Ser99Thr (6.76 0.8mM) and Arg55Lys
(11.36 2.5mM)mutations (Fig. 4a, Supplementary Fig. 10), suggesting
that the major effect of these mutations is on the catalytic turnover
number (kcat) and not on the dissociation constant of all enzyme-
substrate forms (KM).

To independently quantify the mutational effects on the rate con-
stant of the isomerization step (kcat

isom), wemeasured catalysis of the
cis/trans isomerization directly by ZZ exchange spectroscopy20

(Fig. 4b). These experiments detect the overall rate of converting
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Figure 3 | The Ser99Thrmutation shifts the equilibrium towards theminor
wild-type conformation and slows motions in the dynamic network in free
CYPA. a, Significant 1H–15N chemical-shift differences between Ser99Thr
and wild-type CYPA (red) propagate through group I residues (Arg 55,
Phe 113 and Ser 99 shown as black sticks). b, Linear amide chemical shift
changes (arrows) between wild-type (black), Lys82Ala (red) and Ser99Thr
(blue) CYPA reflect the inversion of themajor/minor equilibrium due to the
Ser99Thrmutation. c, Residues undergoing slow (red) or fast (blue)motions
on the NMR timescale in Ser99Thr (right) coincide with previously
identified group I (red) and group II (blue) residues in wild-type (left) CYPA
(amides in grey are prolines or overlapped peaks). d, Temperature
dependence of the apparent 15N transverse relaxation rate (R2

eff) at
increasing refocusing field strength (nCPMG) for group I (left) and group II
(right) in Ser99Thr CYPA reveal that the mutation impedes group I
conformational dynamics (REX< k1 andREX increaseswith temperature). In
contrast, group II residues are unaffected by the mutation and display the
opposite temperature dependence characteristic of fastmotions on theNMR
timescale. Dispersion curves were normalized to the intrinsic transverse
relaxation rate (R2

0) at 30 uC.
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Figure 4 | Impeded motions in the dynamic network severely reduce the
catalytic power of a chemically competent enzyme. a, Mutations affecting
the enzyme dynamics (Ser99Thr) or the chemical step (Arg55Lys) each
drastically reduce kcat/KM (ref. 19) by reducing the bidirectional
isomerization step on the enzyme (kcat

isom) and not substrate affinity (KD) of
CYPA. b, 1H–1H NOE-exchange spectra at 0.2 s mixing time showing
isomerization of the peptideAAPF (1mM) by catalytic amounts of wild-type
(black), Ser99Thr (green) and Arg55Lys (blue) CYPA. Assignments and

dashed lines connecting exchange (off-diagonal) and auto peaks are included
for wild type. Much higher concentrations of the Ser99Thr and Arg55Lys
variants are needed relative to wild-type CYPA to obtain similar exchange
peaks, reflecting severely reduced catalytic activity. c, The cis- and trans-
peaks coalesce (asterisk) for wild-type CYPA at the same enzyme
concentration as themutant forms due to its much greater activity. The only
remaining off-diagonal peak is a P3a-A2a NOE characteristic of a cis-prolyl
peptide bond.
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Future	
  T20S	
  inves,ga,on	
  requires	
  
data	
  and	
  mo,onal	
  models	
  

•  We	
  need	
  complete	
  diffuse	
  maps	
  of	
  WT,	
  L81A/V	
  proteasome	
  
•  Maps	
  will	
  be	
  fit	
  with	
  predic,ve	
  models	
  of	
  proteasome	
  allostery	
  

(TLS)	
  



Summary	
  
1.   Correlated	
  protein	
  mo,on	
  underscores	
  enzyma,c	
  func,on	
  	
  

–  Conversion	
  of	
  sidechains	
  is	
  rate-­‐limi,ng	
  for	
  catalysis	
  
–  Can	
  be	
  determined	
  by	
  room	
  temperature	
  crystallography,	
  CONTACT	
  

2.   Allosteric	
  mechanism	
  transmits	
  data	
  80Å	
  in	
  T20S	
  proteasome	
  
–  Co-­‐linear	
  chemical	
  shio	
  perturba,ons	
  suggest	
  correlated	
  mo,ons	
  

3.   Diffuse	
  sca>er	
  is	
  present	
  at	
  low	
  to	
  medium	
  resolu,on	
  
–  Currently	
  we	
  can	
  collect	
  data	
  at	
  ALS,	
  SSRL	
  
–  How	
  can	
  we	
  merge	
  data	
  across	
  mul/ple	
  crystals?	
  
–  What’s	
  the	
  effect	
  of	
  cryo-­‐cooling?	
  	
  

4.   Diffuse	
  sca>er	
  dis,nguishes	
  between	
  models	
  with	
  iden,cal	
  
Bragg	
  data	
  
–  How	
  do	
  we	
  go	
  from	
  diffuse	
  intensity	
  to	
  models	
  of	
  mo/on?	
  
–  What	
  are	
  the	
  different	
  mo/ons	
  on	
  different	
  length-­‐scales?	
  


